Strong coupling between local polar displacements and a commensurate octahedral tilting is proposed to explain the onset of classic ferroelectric behavior in tetragonal tungsten bronzelike dielectrics Ba 2 La x Nd 1−x Nb 3 Ti 2 O 15 . The ferroelectric phase transition is associated with a discontinuous non-lock-in transformation of an incommensurate tilted structure to a commensurate superstructure. In a manner reminiscent of perovskitelike oxides, the driving force for commensurate tilting increases as the average ionic radius of the rare-earth ion decreases; no classical ferroelectric transition is observed for compositions with x Ͼ 0.75, which remain incommensurate and exhibit only relaxor behavior below room temperature. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2355434͔
Further studies of these materials with Re= Bi 3+ , La 3+ , Nd 3+ , Sm 3+ , and Gd 3+ demonstrated that both Bi-and La-based compounds exhibit relaxorlike behavior, whereas their Nd-, Sm-, and Gd-based analogs are classical ferroelectrics. 5, 6 X-ray diffraction patterns of the Ba 2 ReNb 3 Ti 2 O 15 ͑Re =Bi 3+ , La 3+ , Nd 3+ , Sm 3+ , and Gd 3+ ͒ compounds have been indexed using a prototype tetragonal TTB cell, 6 and the structure of Ba 2 LaNb 3 Ti 2 O 15 has been refined using both x-ray and neutron powder diffractions. 5 The refinements, which confirmed segregation of Ba and La into the pentagonal and square tunnels, respectively, suggested occurrence of a P4/mbm → P4bm phase transition between 400 and 100 K, accompanied by polar displacements of Nb and Ti along the c axis. However, electron microscopy studies of the Ba 2 ReNb 3 Ti 2 O 15 compounds 5, 6 revealed deviations from the ideal TTB symmetry caused by two distinct types of two-dimensional structural modulations: ͑type 1͒ an incommensurate ͑IC͒ modulation described by the wave vectors q 1 = ͑ ͑Refs. 9-11͒ and has been studied extensively using various diffraction and imaging techniques. Most structural studies agree that this modulation is associated with octahedral tilting; 8, 11, 12 however, the correct representation of its nature ͑i.e., intergrowth 10 versus harmonic 11, 12 ͒ remains debatable. The commensurate ͑type 2͒ modulation so far has been observed only for the Ba 2 ReNb 3 Ti 2 O 15 ͑Re= Nd, Gd, and Sm͒ compounds 6 and no detailed structural studies of this modulation have yet been reported. The appearance of this commensurate structure has been attributed to a relatively small size 13 of the Nd, Gd, and Sm ions ͑Ͻ1.3 Å͒ as compared to La, Bi, Na, Sr, and Pb ͑Ͼ1.3 Å͒, which typically reside in the square tunnels of the TTB structures. 6 In the present contribution, we conducted a variable-temperature study of the structural behavior and dielectric properties in the BaLaNb 3 oxide processing route as detailed in Ref. 6 . The equilibrated single-phase powders were sintered at 1450°C in air for 4 h on a zirconia tile. The phase purity of the samples was confirmed using x-ray powder diffraction. The samples were analyzed in transmission electron microscope ͑TEM͒ equipped with the heating/cooling sample holders and operated at 200 kV. Variable-temperature dielectric measurements were conducted in the frequency range from 5 Hz to 13 MHz using an impedance analyzer. As reported previously, 5, 6 room-temperature electron diffraction patterns of Ba 2 LaNb 3 Ti 2 O 15 exhibit incommensurate
͑subscript o refers to the ideal a o ϫ c o TTB cell͒ but not the ͑110͒ o , reciprocal lattice sections of the fundamental tetragonal structure. 6 In situ heating experiments for this compound revealed a reversible IC↔ P4/mbm phase transition around T = 473 K ͑Fig. 2͒. The transition temperature was defined as the temperature at which the appearance of satellite reflections, as visually observed in the diffraction patterns, changes from sharp to diffuse; however, the diffuse satellite spots were still visible at higher temperatures before disappearing at T Ͼ 725 K. In situ cooling of the IC phase down to 100 K produced neither lock in to a commensurate structure nor any other phase transition. The parameter ␦, which describes the deviation from commensurate periodicity ͑2 ͱ a o ͒ along the ͓110͔ o direction of the basic TTB cell, varies from 0.050 to 0.034 with the temperature decreasing from 473 to 100 K, respectively. Assuming ␦ = 0, the reflection conditions in the electron diffraction patterns fit both the Amam and Ama2 Room-temperature electron diffraction patterns and the reconstructed reciprocal lattice for the Ba 2 NdNb 3 Ti 2 O 15 compound have also been reported previously. 6 The reflection conditions suggest an orthorhombic unit cell with a Ϸ b Ϸ ͱ2a o and c Ϸ 2c o and either Imam or Ima2 symmetry; however, its room-temperature ferroelectric response suggests that the latter noncentric space group is correct. Cooling this sample down to 100 K produced no detectable changes in the Ima2 structure, while heating above ϳ400 K induced a reversible phase transition to an incommensurate structure with satellite reflections at the positions h + ͑ 6 maximum which signifies a relaxorlike behavior was observed. Thus, the TEM and dielectric measurements combined indicate that the IC↔ Ima2 phase transition induces a long-range dipolar order yielding a classical ferroelectric transition.
As a part of the present study, we determined the nature of the displacive modulation in the Ima2 phase of Ba 2 NdNb 3 Ti 2 O 15 from structural refinements using neutron powder diffraction data ͑for Ba 2 NdNb 3 Ti 2 O 15 , attempts to fit the P4/mbm and P4bm models to the neutron diffraction data yielded poor statistical parameters. In contrast, the Ima2 model provided a satisfactory fit to the experimental data͒. The refinement details will be reported separately. Our results confirmed that, similar to the IC structure, the Ima2 modulation originates from octahedral tilting ͑Fig. 5͒; however, the tilting topologies in the two structures are different. The Ima2 structure features a single tilting pattern ͓desig-nated as A and circled in Fig. 5͑b͔͒ along with antiphase rotations of octahedra in successive layers along the c axis. In contrast, the Ama2 approximant of the IC phase exhibits two distinct tilting configurations ͓A and B in Fig. 5͑a͔͒ and no antiphase tilting about the c axis. 13 The onset of the IC↔ Ima2 transition in the solid solutions correlates with the size of the cations in the square tunnels, as suggested by the transition temperature, which decreases with increasing the substitution of larger La ͑R = 1.36 Å͒ 14 for smaller Nd ͑R = 1.27 Å͒. In the TTB structures, octahedral tilting affects the coordination environments of the cation sites in all three types of tunnels. Therefore, the type of tilting and the periodicity of the tilting modulation ͑commensurate or IC͒ are likely determined by the competing bonding requirements of the cations in the pentagonal ͑Ba͒ and square ͑La or Nd͒ tunnels. Considering the relatively small difference between the sizes of La and Nd ͑⌬R = 0.09 Å͒, the energy balance for the two structures must be rather subtle, and even small spatial fluctuations of the La/ Nd ratio are likely to cause substantial variations of the local transition temperatures, as was observed for the solid solution samples.
The relaxor behavior observed in the La-based compound can be attributed to the occurrence of polar clusters, associated with the off-center Nb/ Ti displacements, which grow in size with decreasing temperature. These polar displacements are supported by the neutron diffraction refinements at 100 K ͑e.g., below T m ͒, 5 where the clusters become large enough to produce a detectable effect on the average structure. Long-range dipolar correlations are likely precluded by the random fields associated with the chemical disorder of Ti 4+ and Nb 5+ cations. 15 The IC tilting modulation has been observed previously in TTB-like compounds which exhibit both relaxorlike 15 and classical ferroelectric 16 behavior, suggesting that this modulation per se has little effect on the dipolar order. Recent refinements of the IC modulation in Ba x Sr 1−x Nb 2 O 6 compound 12 also confirmed only a weak effect of this modulation on the Nb displacements. In contrast, according to our present results, the tilting modulation in the Ima2 structure, being accompanied by a significant distortion of octahedra, couples strongly to the polar cation displacements so that the change in tilting type upon the IC→ Ima2 transition promotes long-range ferroelectric ordering with a sharp maximum of dielectric constant. The residual low-temperature relaxation observed in pure BaNdNb 3 Ti 2 O 15 can be attributed to the remaining random-field effects, whereas for the solid solution samples, this relaxation likely originates from the residual IC phase.
The coupling of octahedral rotations to dielectric polarization has been demonstrated in other ferroelectric oxides such as Pb͑Zr, Ti͒O 3 ͑Ref. 17͒ and various Aurivillius compounds. 18 In particular, for Aurivillius phases, a ferroelectric Curie temperature scales with the tolerance factor t in the perovskite blocks, and the amplitude of tilting at room temperature correlates directly with the magnitude of the spontaneous polarization. 18 We believe that no such correlations between octahedral tilting and dipolar order have been reported to date for TTB-type compounds because a tilting transition of the IC↔ Ima2 type has never previously been reported. 
